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ABSTRACT 


A transistorized R-C phase shift oscillator was selected for a study 
of its behavior in a gamma radiation environment. An analysis was made 
in order to determine the relationships existing between the transistor 
parameters and the circuit characteristics of the oscillator. Flow graph 
techniques were used for the circuit network analysis. An application of 
root locus techniques permitted a graphical interpretation of the character- 
istic equation obtained for the network. [Extension of this work led to the 
exact formulae and approximations for the starting frequency of both three 
and four section R-C phase shift oscillators. Predicted values of operat- 
ing frequency for a given forward current gain of the transistor were com- 
pared with experimental results. 

Seven identical circuits were irradiated independently in a 1000 curie 
cobalt-60 gamma flux. The results were displayed as plots of the hybrid 
parameters of the transistor and the frequency and output voltage of the 
oscillators as functions of gamma dosage, Normal distribution curves were 
constructed from the plots of the results. From this information, probabil- 
ity plots were made which expressed the derating of the forward current 
gain of the transistor and the derating of the frequency and the output 
voltage of the oscillator as functions of gamma dosage. 

The experimental work was performed at the Hissiles and Space Division 
of the Lockheed Aircraft Corporation, Palo Alto, California. The authors 
desire to express their appreciation for the assistance given by Dr. W. W. 
Happ and his staff of the Solid-state flectronics Department. We are 
especially indebted to T. R. Nisbet, N. K. Marshall, and W. E. Price, all 
of Lockheed, for their suggestions and aid in securing equipment for this 


work ° 
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CHAPTER 1 


Background 


The advent of the nuclear powered submarine, the travel of missiles 
and satellites through the radiation belts in space, and the coming of 
the nuclear powered aircraft have thrown a new environment upon the 
electronics industry. Radiation effects upon slectronic components and 
systems must be investigated in order to provide systems designers with 
the limits which may be imposed on them by this environment. 

The missile and satellite programs have been "transistorized" in 
order to accommodate the size and weight limits imposed upon them. Cer- 
tainly it will be tempting to make extensive use of semiconductors in the 
nuclear powered aircraft. Consequently, it is important to determine the 
limiting radiation dose these systems may absorb and still function effec- 
tively. It is questionable whether or not it is feasible to use solid- 
state devices in a strong radiation field, since it is know that semicon- 
ductor devices are sensitive to a radiation environment.> It would seem, 
then, that a study of the effects of radiation on solid-state component 
systems would be of utmost importance, 

At this point, it is desirable to define the properties of nuclear 
radiation and the measuring units used. Alpha particles, beta particles, 
gamma rays, and neutrons are the primary particles associated with a 
nuclear reactor.* The alpha and beta particles are relatively easily 


absorbed and do not constitute a radiation damage mechanism. Gamma rays 


lj, F. Hanson, S. E. Harrison, and W, L. Hood, The Effect of Nuclear 


Radiation on Electronic Components and Systems, Radiation Effects Informa- 
tion Center, Battelle Memorial Institute, Columbus, Chio, 1957 

2J. B. Hoag, et al, Nuclear Reactor Experiments, Van Nostrand, 
Princeton, N. J., p12, 14, 66, 1958 
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and neutrons are much more penetrating and are of prime concern in deter- 
mining radiation damage. 
A. Gamma Rays~???4 
Gamma rays are electromagnetic in nature, like ordinary light. They 
are of very short wave length and are similar to X-rays, differing in their 
origin and quantum energy. Gamma rays produce ionization in all solids. 
There are three distinct processes which account for the energy loss and 
ionization produced as the gamma rays traverse a material: 
1. Photoelectric effect, in which a photon knocks an orbital 
electron out of an atom and disappears in the process. 
2. Compton effect, in which a photon is scattered by a free 
electron and loses some of its energy in the process, 
3. Pair production, in which the photon vanishes and a 
positron-negatron pair is created. 

The total dosage of gamma rays is usually expressed in an ionization 
measuring unit called the roentgen. The roentgen is defined as the unit 
gamma dose which produces one electrostatic unit (esu.) of ions of either 
Sign, but not both, in one squared centimeter of dry air measured at 
standard conditions. It requires 34 electron volts to create one ion 
pair in standard air; the roentgen is the radiation dose that will re- 
lease 87.7 ergs of energy in one gram of air. 

B. Neutrons 
Neutrons are electrically neutral particles of mass. They do not 


interact with the charged parts of atoms and are therefore very penetrat- 


3p, Halliday, Introductory Nuclear Physics, 2nd Zd., John Wiley, 
New York, p 164, 1957 


Ac, T. Dienes and C. H. Vineyard, Radiation =ffects in Solids, Inter- 
science Publishers, New York, p 45, 1957 
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ing. Energy loss is accomplished by collision with atomic nuclei in 
matter and the resulting slowing down of the particle until it is absorb- 
ed in a nuclei, or by decay in free space by beta emission. In free space, 
the mean life of the particle is 10 minutes; in matter, the particles are 
usually absorbed before decay can occur. 

The measure of the neutron dose rate is referred to as the neutron 
flux and is expressed as 9 = nv. This means the product of the number of 
neutrons per unit volume n, and their speed v. Unfortunately, the neutrons 
do not have the same speed and must be defined by the energy ranges: 

a. thermal neutron flux (.025 electron volts) 

be resonance neutron flux (1 to 1000 electron volts) 

c. fast neutron flux (above .1 mev) 
It is common to relate the slow neutron flux and the fast neutron flux as 
being below or above the speeds or energies at which the absorbtion by 
cadmium undergoes a very great change in magnitude (about .4 ev). The 
total neutron dose is ned Saeed in terms of integrated flux, nvt, which is 


expressed as the number of neutrons per square centimeter. 

















CHAPTER 2 


Radiation Effects Upon Components 


The study of radiation effects upon semiconductor materials and de- 
vices has been the work of many experimentors. The general research 
pattern followed has been first to define the changes in the semiconduc- 
tor materials, germanium and silicon, caused by radiation; and secondly, 
to study radiation effects on various transistors and diodes. 
According to Pigg and Robinson?, the damage mechanism to semiconductor 
material exposed to the radiation field in a nuclear reactor may be classi- 
fied according to neutron and gamma ray effects. 
A. Neutron Damage 
1. Transmutation is produced by the capture of thermal neutrons. 
The subsequent radioactive decay introduces a chemical impurity 
into the crystal lattice. 
2. The inelastic scattering of high energy neutrons produces 
a lattice disorder. 

B. Gamma Ray Damage 
1. Compton scattering of gamma photons results in high-energy 
electrons which can produce lattice disorder by elastic scatter- 
ing. 
2- Photoelectric and photoconductivity effects are present and 
may affect the operation of a given circuit. 

It is noted that annealing which may or may not tend to return the 
semiconductor material toward its initial condition occurs for all tempera- 


tures above 130 degrees K,. 


93, C. Pigg and C. C. Robinson," Radiation Effects in Semiconductor 
Devices!’ from Proceedings of the Transistor Reliability Symposium, 
September 17 an ; » New York University Fress, 
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Radiation damage to the semiconductor materials germanium and silicon 
may be summarized: 

a, Irradiation of germanium converts n-type material into 
p~type material. 

b. Irradiation of silicon reduces the conductivity of p-type 
and n-type material monatonically. 

The damage to transistors and diodes by radiation may now be describ- 
ed. These semiconductor devices are made up of one or more barriers 
between p—type and n-type material. Germanium devices simply become a 
lump of p-type germanium after absorbing a sufficient radiation dose. 
Silicon devices are destroyed as the conductivity of the materials de- 
creases. 

The findings of Steele may be summarized for gamma ray effects on 
transistors :° 

a. Irradiation by cobalt~60 gamma rays at fluxes in excess 
of 10° roentgen/hour and at doses greater than 10° roentgen 
is necessary to induce temporary and permanent effects in 
transistor parameters. 

be As the transistor radiation damage increases, there are 
two general effects noted. There is a fall in current gain, 
Nee, and a rise in the leakage current, I,,. 

Radiation effects on other electronic components have been compiled 
by the Battelle Memorial Institute. / Some important ones are: 


a. Resistors. Wire wound resistors are by far the most 


OH, L. Steele, Jr.,"Effects of Gamma Radiation on Transistor Para- 
meters) Proceedings of the Transistor Reliability Symposium, September 
17 and 18, 1956, New York University Press, New York, 1958 

ere Fe Hanson, S. E. Harrison, and W. L. Hood, The Effect of Nuclear 


Radiation on Blectronic Components and Systems, The Radiation Effects 
Information Center, Battelle Memorial Institute, Columbus, Ohio, 1957 
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radiation resistant. 

b. Capacitors, Mica, glass, and ceramic capacitors suffer 
little damage while plastic, electrolytic, and oil filled 

types are extremely susceptable to damage. 

ce. Tubes. Tubes are usable in a radiation field. The largest 
cause of tube failure is envelope and seal fracture caused by 


the use of borosilicate glasses. 





CHAPTER 3 


Circuit Selection 


It has been pointed out that considerable work has been accomplished 
in the study of radiation effects on solid-state components. The study of 
the radiation effects on any large electronic system is not practical from 
the stand point that most nuclear reactors and gamma facilities have but 
small areas available in which the flux pattern is uniform. A study of the 
radiation effects on amy given system must be based on the knowledge of 
damage to basic circuits comprising the system such as amplifiers, oscilla- 
tors, multivibrators, and pulse shaping circuits. Such circuits can be made 
small enough to fit in the limited uniform flux areas available. 

The testing of semiconductor devices in a gamma ray radiation environ- 
ment has been done by the Boeing Airplane Company. One report ® states a 
finding that a semiconductor sine wave oscillator exhibited extremely stable 
operation for exposure times of several minutes, while a blocking oscillator 
operated for only a few seconds when exposed to the same flux. On the basis 
of this work and the results reported by the other experimentors in the pre- 
vious chapter, it becomes apparent that considerable differences exist in 
the radiation damage to semiconductor devices. In particular, damage to a 
specific type of device made by the same manufacturer will vary widely for 
the number tested. 

It may be reasoned, then, that for any given circuit using solid-state 
components, the radiation effects on identical circuits may be expected to 


show marked differences. Also, it can be stated that the success or failure 


8G. L. Keister and H. V. Stewart,’ Preliminary Report of an Investigation 
of the Effects of Nuclear Radiation on Selected Transistors and Diodes," 
Boeing Airplane Company Report D5—-1183, dtd 22 August 1956 
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of any circuit using semiconductor components whem exposed to a radiation 
environment is a function of the dependence of that particular circuit on 
the semiconductor components, 

The authors selected the transistor R-C phase shift oscillator as shom 
in Fig. 3-1 for a study of its operation in a radiation environment for the 
following reasons: 

a. At the present time, the most widely used frequency division 

telemetering system is the FM-FM system which utilizes R-C phase 
shift, L-C, and multivibrator type subcarrier oscillators.” 
b. The circuit shown in Fig. 3-1 is being used in industry for 
various missile applications.~° 
¢. Temperature effects upon this particular circuit have been 
noted, The oscillator continued operation over a very wide 
temperature range with an ensuing large beta change, It was 
anticipated that such a circuit would have a long life ina 
radiation field where beta decay in a transistor is one of the 
known damages to a transistor. 
d. The circuit lends itself to linear circuit theory. 
e. The circuit uses the Texas Instrument 904 transistor which 
has been irradiated in a 1500 curie cobalt-60 gamma field by 
another investigator,® 
Tne R and C components selected for use in the circuit were wire wound 


resistors and mica capacitors. Both types of material have been found to 


Vv 
be relatively radiation resistant. The 18 uf capacitor was not critical 


WM. H. Nichols and L, L. Rouch, Radio Telemetry, 2nd Ed., John Wiley, 
New York, p 253, 1956 


lOcircuit provided by Mr. N. K. Marshall, Research Scientist, Lockheed 
Missile Systems Division, Palo Alto, California 


8 








a 
btn 


# i” ye 
. 7 \ene 
a oe 


' et Bi? 
. ss 


¢ 


7s A 
- 

eS 
4 2 7 ‘s 











to the operation of the circuit and because of its size it was mounted 
outside the radiation chamber on the control panel. 

Some comment should be made at this time concerning the types of 
radiation facilities available. A nuclear reactor has a radiation field 
consisting of integrated slow and fast neutrons and gamma rays. The cali- 
bration of the radiation field is difficult because the flux is not con- 
stant. Radioactive particle contamination is a problem and hampers any 
instrumentation of circuits or material introduced into the radiation field. 

Certainly, systems which are to be operated within the environment of 
a nuclear reactor should be investigated within that environment, but a more 
exhaustive approach to the analysis of the same system would be provided by 
a study of the damage to that system by the individual types of radiation 
particles separately. 

A gamma facility was selected for this investigation not only for the 
above reasoning but also for its non-contamination feature and ease of in- 


strumentation. 
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CHAPTER & 


ANALYSIS 


THE FUNCTION OF TH TRANSISTOR IN A PHASE SHIFT OSCILLATOR 
A. SCOPE 
In the course of the investigation of the radiation effects on a 
transistor phase-shift oscillator the authors found a need for knowledge 
of the function of the transistor in the oscillator operation. It is 
known that the transistor is more sensitive to gamma radiation than 


resistors or capacitors. 


Further, the components other than the transis- 
tor can be easily selected so that they will be essentially unaffected 
by radiation up to the level of junction transistor destruction. Data 
are available on the effects of gamma radiation on many transistors mak- 
ing possible the prediction of parameter variation. ® But how will the 
frequency of the phase-shift oscillator vary? To answer this, one must 
know the relationship of the transistor parameters to the rest of the 
circuit. 

A search of the literature revealed that the vacuum tube version 


has been well een ee Despite this pioneering work, the several 


analyses of the transistor phase~shift oscillator were found to be not 


11g, L. Ginzton and L. M. Hollingsworth,"Phase-Shift Oscillators! 
Pres. I.RE., 29, 43-49, February 1941 


12, Artzt, "Frequency Modulation of Resistance-Capacitance 
Oscillators ' Prec. IRE, 32, 409414, July 1944. 


13, C. Vaughn, " Phase-Shift (Oseillater’, Wireless Eng., 26, 391-399, 
December 1949. 


rail Re Hinten,' The Design of R. C. Oscillator Phase Shifting Net+ 
works| Hlectronic Eng., 22, nS-17, January 1950, ~ 


15s, Sherr, "Generalized Equations for R C Phase-Shift Oscilla ters, 
PYECeuls iets ey 1169-1172, July 1954. 


Woe 


as general or as complete as the studies of the vacuum tube phase-shift 
oscillator; and, as a consequence, did not satisfy the problem .2°-20 
It was therefore necessary to make & avaplate analysis with the goal of 
finding the change in frequency of a phase-shift oscillator with varia- 
tion in the transistor parameters. While this goal was admittedly 
limited, the methods to be described can be used to study the variation 
in frequency with changes of passive network values, 
B. CIRCUIT CONFIGURATION 

Any phase-shift oscillator can be represented by the over simplified 
block diagram of Fig. 4-1. The passive network is usually a three or 
four section ladder with capacitors as the series elements, and resistors 
as the shunt elements, or vice versa. Each RC combination is called a 
section or a step. Sometimes the transistor impedances are considered 
as forming pert of a section. Capacitors are usually chesen instead of 
inductors because of their small physical size and losslessness for the 
low audio frequency range. 

In considering what circuit configuration to use, it was found 

that for tubes the passive network for a RC phase-shift oscillater had 


been generalized to the network shown in Fig. 4-2,19 This is for an 


l6y, Hicks, "Iransistor Phase-Shift Oscillator" Tele-Tech and 
Electronic Industries, 55-56, July 1956 


1?p, P. Turner," Transistorized Phase-Shift Oscillater, Radio and 
Television News, p. 108, Avrii 1956 


18, F, Shea, et al, Transistor Circuit Engineering, McCraw-Hill, 
New York, 1957 


19p, Wolfendale, The Junction Transistor and its Applications, 
Heywood and Company LTD., London 1958 


20y, M. Luibin, | ‘Transistor RC-Oscillators with Phase Reversal, 


Radio nearer es 13, 2, 60-69, Translated by Porgonan Institute, 
New York, 1958 


de 





as general or as complete as the studies of the vacuum tube phase-shift 
oscillator; and, as a consequence, did not satisfy the preblem.0-2° 
It was therefore necessary to make a camer. analysis with the goal of 
finding the change in frequency of a phase=-shift oscillator with varia- 
tion in the transistor parameters. While this goal was admittedly 
limited, the methods to be described can be used to study the variation 
in frequency with changes of passive network values. 
B. CIRCUIT CONFIGURATION 

Any phase-shift oscillator can be represented by the over simplified 
block diagram of Fig. 4-1. The passive network is usually a three or 
four section ladder with capacitors as the series elements, and resistors 
as the shunt elements, or vice versa. Each RC combination is called a 
section or a step. Sometimes the transistor impedances are considered 
as forming part of a section. Capacitors are usually chesen instead of 
inductors because of their small physical size and losslessness for the 
low audio frequency range. 

In considering what circuit configuration to use, it was found 

that for tubes the passive network for a RC phase-shift oscillater had 


been generalized to the network shown in Fig. PRL: This is for an 


Loy, Hicks, "Transistor Phase=Shif t Oscillator’ Tele-Tech and 
Electronic Industries, 55=56, July 1956 


1?p, P, Turner,"Transistorized Phase-Shift Oscillator,’ Radio and 
Television News, p. 108, April 1956 


18, , F. Shea, et al, Transistor Circuit Engineering, McGraw-Hill, 
New York, 1957 


9p, Wolfendale, The Junction Transistor and its Applications, 
Heywood and Company LTD., London 1958 


20y, M. Luibin, ‘Transistor RC-Oscillators with Phase Reversal. 


Radio Dagineor ines 13, 2, 60-69, Translated by Porgonan Institute, 
New York, S 


12 





<a 
AMPLIFIER 


a te tae es ae 4 


PASSIVE | 
NE TWoRK 
Block Diaeram of 2 Phase-Snhist Oscillator 
Fig. 4-\ 


a lr ee te eaten tte Be ee ee i ee ee en 









ee CRB PACT AOR Tm ey eet a rp me CORY Ow og Ue mms wae te me Sede or dhe o: 


Gene ra lized Phase - shifting Network for Voltage Amplifiers 
Fig. 4-2 


Fe AO) 
Generalized Phase-shifting Network for Current Amplifiers 


rig. A-% 
13 





ideal voltage amplifier with low output and high input impedance. The 
transistor in the grounded emitter configuration approaches an ideal 
current amplifier with high output and low input impedance; therefore, 
the passive network should be of the form shown in Fig. 3+? 

While this duality seems obvious, many designers have inadvertently 
used the wrong network in their efforts to bias the transistor with the 
result of no oscillations or of high gain requirements to produce oscilla- 
tions. 

The circuit analyzed had four sections and is show in Fig. 4-4. 
For convenience of design, the shunt elements were chosen as resistors “ 
so that the normal load resistor of an amplifier stage formed part of 
the passive network. 

C. LINEAR ANALYSIS OF OSCILLATOR 

This circuit can best be studied by constructing a mathematical model 
from equivalent circuit as drawm in Fig. 4-5. However, first consider 
some of the things known about the phase-shift oscillator. It has a 
more or less sinusoidal output; for this analysis it will be considered 
to have a perfect sinusoidal output. This consideration anticipates the 
assumption that the circuit is linear. The nonlinear action of the 
transistor will only be soreinenad as a limit on the transistor character=- 
istics. The circuit as represented by linear incremental model is shown 
in Fig. 4-6. 


Of any linear sinusoidal oscillator the following observations can 


be matty eae 


ély, Edson, Vacuum Tube Oscillators, John Wiley, New York, 1953 


2ep. 2B. Hurley, Junction Transistor Electronics, John Wiley, New 
Yerk, 1958 
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l. that natural oscillations can be set up in a circuit 
by the introduction of a random impulse, u, (t); 

2- that the natural oscillations are observed in all 
locations of the circuit simultaneously; 

3. that the random pulse to start oscillation can originate 
or imagine to be introduced at any point in the circuit; 

4. that the natural oscillations of a linear system are 
independent of initial energy storages in the reactive 
elements; 

5. that the natural oscillations of a linear system are 
determined by the denominator of the transfer function 
of the system. This denominator is also referred to as 
the characteristic polynomial of the system. 

The characteristic polynomial of the linear incremental model of the 
transistor phase-shift oscillator can be found by systematic circuit 
analysis; i.e., mesh, nodal, or matrix methods. However, in this paper, 
flow graph analysis as summarized in Appendix I will be used.©?7*8 vith 
flow graph analysis, quantities can be rearranged without loss of their 
interrelationships; assumptions can be readily justified; the effect of 
neglecting any parameter can be easily observed; and finally, the form 


of the topology equation is convenient for root locus lpeeinge 2-7 


es. Je liason, "Feedback Theorg-—Some properties of Signal Flow 
eapns", Proc. 1-k-E., Al, 9, p- L1dh, 1953 


os. G. Truxal, Automatic Feedback Control System Synthesis, 
McGraw-Hill, 1955 


aS J.» hiason, "Feedback Theory--Further fFroperties of Signal Flow 
Graphs", Proc. I.Res., 4h, 7, ps 92C, 1956 


16 





l { 


! 
B : @) ae | ‘< : 
4 | | 
| 


Imcremental Linear Model 


Fig. 4-6 








-h 4 
ing 


1 lato 
Onl ™~™ 


PY aaa, 4 


ay, 














De DETSRMINING THE MOUATION CHARACT#RISTIC OF THs CIRCUIT 

The flow graph of Fig. 4-7 was constructed by a method descrived in 
Appendix I. As it was anticipated that the change in current gain, hge, 
would cause the greatest effect on the oscillator characteristics, the 
flow graph was arranged so that the transistor current gain formed an 
exterior loop. 

Some simplifications were made because this analysis was interested 


jn the variation of transistor parameters and not those of the other 


components. 
Let C] = =O =, =C (1) 
i = 1 -i a 5 = it 
Ry Rg 2g” Ry R (2) 
where 1-= (ho + 1) by design (3) 
Ry us 


These simplifications were incorporated in Fig. 4-8. 
The equation characteristic of any closed fiow graph is the topology 


equation. ee 


a (~ eo (1) 


n=0 
where L, = Loops of n*P order that exist in a given flow graph 
4 
and ij =1- 
265), wing, "Ladder Network Analysis by Signal Flow Graphs", Trans. 
Gen-6., ».G.C.T., CT-3, p. 289, 1956 . 
eli... Happ, "signal Flow Graphs", Iroc. 1.2.2, 45, 9, de 1293, 1957 


260... Nesbit and .i..7. Happ, "Flow Graph analysis", Lockheed .issiles 
and Space Jivision, 1). 50-48357, Sunnyvale, Coliforniz, 31 Jecember 1958 





a7 ie -Wans, Control System Dynamics, LcGraw-Hill Book Co., Inc. 


New York, 1954 
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The topology equation yielded for the flow graph of Figo 4-8: 


Ns | 10 5 7 Bt 
1+—=) |i+— + st 
Re sckR (sCR)©  (sCR) (scr)4 




















Ps — + (1h...) (5) 
+. a CUT + th, (l-h 7 = 
sCit (scR)* (scRr)3 fe re Dine 


Typical circuit parameter values are listed in Table I. The 


transistor used was a Texas Instrument 90/. 


Table I 


a eee 
ae Jeact'fs [20 mofs.a 5c 


bviousl 

obviously es ¢ 6) 
sky 

and h,.,, <E' (7) 


This approximated the equation to: 






Jt | OL ite 6k ~<A be : 




















1 
10 15 7 L h, 2) 10 6 
1+— + aa + +! —)l, + — + = ; 
sGe (sCn)* (scr)? (scu)4l x sce  (sCh)© (SCR) 
+hre =0 (8) 


which is characteristic of the approximate flow graph snown in rig. 
lL-9. The dotted partitions were put in to emphasize the correspondence 
with Fig. 4-l. 
fe DARIVATIGN OF TH! GENSRALIZED E UATION FOR N SeCcTiONs 

For the four section, transistor, «0 phase-shift oscillator, the 


following form was derived by application of the topology equation: 
pa Nie — 
fy (sCt) +|—Jfo(sca) thes =0 (9) 


where fy and f. are as shown in Table il. 
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Fig. 4.8 
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Table II 


Functions obtained for n sections 


EY se 


















(sCR)? 





(sCR)* 











1 
(scR)4 














(sCR)© (scr)3 


2(")(a) 


The above table may also be extended by observing that 



















veer) os *2(ne1) =F 2p 


and 
al 


£1 (n-1) *(—\0,= Aa 
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Noting the binomial cofficients, a generating function was derived 
to produce the topology equation for n section flow graphs of the 


configuration of rig. 4-9. 


SF (ot) BY OF ene ec * 


a= 0 j —O0 
where /a\a_ ab A mb a 
=—_— sarees Ls) = 0 
b/ bb{e-b)t a4, 


n =number of sections or steps in ladder network. 

From this generating function, f, and f5 for n sections are listed 
in Table II. ‘To verify, f, and fo for three sections were listed and 
compared with the result by flow graph analysis. The function for n=l, 
2 and 5 are also listed; but it should be recalled from experience that 
only when n =3 or 4 is a phase-shift oscillator possible. For n =1 
only a demped exponential is possible. If n =2 it is possible to produce 
damped oscillations with sustained oscillations theoretically produced 
with infinite current gain, hp,. vith n =5 or more, multiple oscillations 
are possible summing to u distorted wave. If these statements are not 
intuitively reasonable, they will become so with study of the root loci 
of the topology equations. 
PeeeOOL LOCUS OF TH CIRCUIT 

The location of the roots of the topology equation in the s plane 
are indicative of the time response of a given system. As the possible 
variation of transistor parameters was considered, it followed that a 
study of all possible roots of the topology equation for the subject 
phase-shift oscillator was required. This suggested a plotting of the 
root loci of topology equations generated by various network con- 


figurations. 


a2 











The topology equation for any active network of general configuration 


of Fig. 4-4 was stated es equation (9). 


h 
f, (sCR) -{ = f(sCR) + hp, = 0 (9) 


or when expanded in general 








i , ast super se aos” 
eee eet et = 
CR (ce (CR) 
: b. ,ghel bis 
hy = 1 
2 hs fs = +- coe + er + ances eal @ (11) 
R CR (ery? 


where n = number of sections in networko 


(11) can be manipulated to 


hpos?/[1 + n(h,./2)| 
f = 
it —__ rr ee —O (12) 
n(h,,/R)s(s + qy/CR)(s + q2/CR) --. (s + gpy/CR) 
"90 acs 
(s + py/CR)(s + po/CR)(s + p3/CR) .-. (s + p,/Cit) 
The first plot made was the root locus for the topology equation 
representating the passive network: 
n(h /R)s(s a q, /CR) eee P 
i = oo yetdmn (13 ) 
(s+ p,/Cit)(s + po/C) «- 
m=1,3,5 oo 
| aaae 
which was of the form to plot the root locus by svan's method. This was 
plotted for n =4 and n =3 as shown in Fig, 4-11 and Fig. 4-13. ote 
that the root locus for a passive network can be only on the negative 
real, 9g (Cit), axis. 
The roots for the passive network were determined by assuming 


reasonable values of (h,./%)- These roots became the poles of the active 


network 














ks” 

2 oe (14) 
(s 4-0) (S + ro) cope ty) 
where k = hge/[1 + n(hy,/2)] 

and the root locus of the active network was plotted for n=4 in Fig. 

4-10 and Fig. 4-12 and for n= 3 in Fig. 4-14. Note that values of he, 

determine the roots on the root locus. 

Fe TIME RESPONSE 
The roots can be located by design to produce desired results, 

specifically, oscillations. If the roots are located in the left hand 

s plane damping will result. If the roots are exactly on the imaginary 

jw(RC) axis, sustained oscillations will result, at least in theory. If 

the roots are in the right hand plane, the oscillations will be ever in- 
creasing for a linear system. However, the non linear action of the 
transistor serves to limit the divergence of the amplitude. It is the 
theory of the authors that the frequency of operation will very closely 
approximate that which is indicated by the location of the roots in the 
right hand plane. 

For example, from Fig. 4-12 for a given value of hp,, say 35, the 
roots take the form 

s = (-6+45W)(RC) in the left hand plane (L.H.P.) and 

s = (+0 tj3W))(RC) in the right hand plane (R.H.P.). 
Rooté in the L.H.P. produce decaying oscillations and were ignored. 

For he, = 35, a typical value is 

s=(+0.5 £4 0.66)RC which simplifies to 


s=( 0 +3 0.66)RC for non linear limiting, and by the Kesidue 


Theorem 
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f(t)= P Weiss Jl tt) (15) 
(std -jo)(stS + 4w)|/ at roots 
=le HOt /2 500 + ¢~Jat/-2 jofu(t) 
= (1f4)) sinwt) (16) 
where G)=(0.66)RC for this example. 

Theoretically, oscillations start as the locus crosses the 
imaginary axis. This starting point is not only of interest but can 
be easily found. 

On the jWaxisd6 =0 or s= =jW (17) 
Making substitutions in the topology equation and with n=4 and hy, = 0 
in this example 


(juy)* + 10(jw)3/Rc + 15( 4 )2/(RC)2 + 7(53W)/(RC)3 4+.1/(RC)4 


Pegi it))* = 0 (18) 
where j= V-1 
so that 
(y4(l + he.) - 15s/(R0)2 + 5 | -1003 + 7u0| = 0 =0-j0 (19) 


A complex number can vanish only if both the real part and the 
imaginary part of a given number are zero. Therefore, 
-10W)3/RC + 7w/(RC)? =O (20) 
ds) =(1/2C)V¥7/10 
Minimum current gain follows in the same manner. 


In general, the starting frequencies are 


3 section: f.,..4 =(1/2TRC)V1/b +4(hy6/8)] 
section: fotart =(1/2mEC) +/ [7 + (nh, /i)] / [Lo + 10(h4,/2)] 


which are plotted in Fig. 4-15. 
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Minimum current gains for oscillation are 

3 section: 4x°+ 23x + 29 = he, 

4 section: 56x? + 473x2 + 1210x + 901 

— hee 
x~ + Ax +t 49 

which is plotted in Fig. 4-16 


Approximate forms assuming perfect current generator; that is, h;, = 0 


Sections are Ne, mine 
3 0.065/CR eps 29.0 
L, 0.133/CR cps 18.4 


Ge PREDICTING DARATING OF OSCILLATOR 
The locus of roots possible for a four section transistor phase- 
shift oscillator were plotted on an expanded scale for comparison with 


experimental results in Fig. 4-17. 
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CHAPTER 5 
Procedure 

Gamma Source 

The test work was performed at the Lockheed Aircraft Company lissiles 
and Space Division located at Palo Alto, California. The radiation was 
performed at their 1000 curie cobalt-60 gamma facility. The source was 
made up from three equal strength cobalt-60 disks spaced equidistantly with- 
in a three inch diameter circle. The source was mounted in a long lead 
slab which could be raised from or lowered into a lead container by means 
of an overhead hoist. 
Radiation Circuit Board 

In order to obtain a uniform flux over all of the oscillator components, 
the R=-C phase shift oscillator shown in Fig. 3-1 was mounted on a three inch 
diameter fiberglass disk as shown schematically in Fig. 5-1 and as construct- 
ed in Fig. 5-2, The disk was mounted in the radiation test jig as pictured 
in Fig. 5-3. The test jig was constrained to move the oscillator circuit 
perpendicularly to the face of the gamma source and thereby position the 
circuit for the desired flux strength. 
Gamma Flux Measurement 

Measurement of the gamma ray flux strength at the circuit board was 
accomplished in the following manner. A blank fiberglass disk was placed 
in the radiation test jig and the jig was then positioned near the gamma 
source, After raising the source into position, remote control arms were 
then used to move the probe of the roentgen rate meter over the back sur- 
face of the disk to obtain the average flux reading. All runs were made 
with the radiation circuit board positioned in an average radiation flux 


field of 1.7x106 roentgen per hour, 
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Component identification and location 


for an RC phase shift oscillator. 
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Oscillator Control Panel 

A switching arrangement called the oscillator control panel was 
constructed in order to run either of two oscillators from the same power 
source. A wiring schematic of the control panel and associated oscillator 
circuits is shown in Fig. 5-4 and pictured in Fig. 5-5. The irradiated 
R=C phase shift oscillator was duplicated at the control panel. This cir- 
cuit was called the reference oscillator. By means of the control panel, 
either circuit could be run individually or with any combination of its 
own or the other circuit's components. The switching arrangement permitted 
a rapid check of the irradiated circuit in order to determine which compon=- 
ent or components had been affected by the gamma flux. 

Both circuits could not be run simultaneously by this method. There~ 
fore the switching arrangement provided selected switching of the unused 
transistor to a transistor test set which was set to match the operating 
condition of the transistor in the irradiated circuit. 

Instrumentation 

Fig, 5-6 is a block diagram of the instrumentation used to monitor 
the radiation runs. Prior to irradiating each circuit, the output frequency 
and output voltage were recorded for the following oscillator circuit con- 
figurations: 

1. Circuit to be irradiated operating. 

2. Reference circuit operating. 

3. Circuit to be irradiated operating on reference 
transistor. 

Le Reference circuit operating with all components of 
circuit to be irradiated switched in individually.. 


This information later provided a quick and logical check on the 
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Figure 5-6 
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irradiated circuit. Since any change in the components was immediately 
reflected by a change in the output frequency of a phase shift oscillator, 
frequency shifting was the primary gage used to detect changes in the 
irradiated components. The transistor was expected to be the most sensi- 
tive component in the irradiated circuit. Therefore the first check made 
on noting an output frequency shift was to interchange the reference 
transistor with the one undergoing irradiation. If the new frequency ob- 
tained was not the same as originally recorded, the components were checked 
individually with the original frequencies recorded in 3. above. In this 
manner, the components which had changed their parameters in the gamma flux 
would be identified. 

As stated previously, the inactive transistor was always switched to 
the Owen Bridge transistor test set which was always set to match the 
operating condition measured in the irradiated oscillator circuit. This 
arrangement in addition to permitting measurement of the transistor para- 
meters prevented temperature change effects on the transistor switched to 
the test set as well as preventing the introduction of a cold transistor 
to the reference circuit whenever that particular circuit was called upon 
to operate. 

Considerable difficulty was experienced in obtaining identical read- 
ings of the hybrid, "h", parameters for the same transistor when it was 
physically on the transistor test set as well as when it was switched to 
the test set from the radiation circuit board through some 20 feet of wiring. 
A small capacitor to ground was used as a probe and it was determined that. 
the capacitive effect on the collector wiring was the cause of the differ- 
ence in the readings. The unshielded collector wire was replaced by 


RG 62/U coaxial cable and the transistor parameter readings made remote- 
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ly were found to agree with the readings obtained for the same transis- 
tor physically on the transistor test set. The circuitry for measuring 
the various hybrid transistor parameters is presented in Fig. 5-7 and Fig. 
5-8, 


44 





Figure 5-7 
Circuits used in measuring the hybrid transistor peraneters 


as found in the Owen Laboratories’ Type 210-A Transistor Test Set. 
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Figure &-=6 
Circuits used in measuring the hybric transistor narsmeters 
as found in the Owen Laboratoriest Type £10-A Transistor Test Set, 


The circuits are modificetions of the circuit in Tig. 5-7 (a). 
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(b) Circuit to measure output admittance, h,). 
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CHAPTER 6 


Results and Discussion 


The following measurements were recorded: 

a. Dose—-—roentgen/hour. 

b. Temperature, °C 

c¢. Supply voltage, Vz 

d. Emitter current, I, 

e. Collector voltage, V, 

f. Output voltage, V, 

ge Output frequency, f 

h. Transistor forward current gain, hr. 

i. Transistor output admittance, hj, 

je Transistor feedback voltage ratio, h,, 

k, Transistor input impedance, h,; 

A total of seven circuits were irradiated in a mean flux of 1.7x10° 
roentgen per hour. Four runs were carried on until the ultimate failure 
of the circuit. Three runs were continued only so long as deemed necessary 
to provide or substantiate the characteristic trends for the various para-= 
meters recorded. 

The operating point for each circuit was the one at which the follow- 
ing conditions were met: 

a. The circuit to be irradiated must have operated with the reference 

transistor switched in. 

b, The reference circuit must have operated. 

c, The reference circuit must have operated with each component from 


the circuit to be irradiated switched in individually. 
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For the conditions imposed, the optimum operating voltage was found to be 
approximately 15 volts. 

The output frequency and output voltage measurements were considered 
to be raw data in that no compensation was made for the stray wiring 
capacitance. It is to be stressed, however, that these were none-the-less 
representative readings and accurately portray the trends of these para- 
meters in the influence of a radiation field. The transistor parameters, 
on the other hand, were considered correct in that coaxial cable was used 
in connecting the transistor to the control panel. 

The plots of hips Raps ops Nee, Vos and f as a function of dosage are 
presented in Fig. 6-1 through Fig. 6-6 respectively. The following tabula- 
tion shows those runs which deviated from the general trend for each para- 


} 
meter measured, 


Parameter Deviate Curves 
hop 35 ,6% 
ae 45,6 
Nib 4556 
hfe 42 
Vy 5% 
i Le 


*Run seven was neglected because insufficient points were 
taken in these cases, 
From each family of curves a representative mean curve could have been 
constructed having the following characteristics: 
a. Nop was essentially a constant at .6x1076 mhnos with a slight 
increase in value noted as the circuit failed, 


b. hpp was essentially a constant at its initial value with a 
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slight increase in value as the circuit failed. 

Ce hy, exhibited a constant rise in value throughout irradia- 
tion. 

d. hre was essentially a constant until reaching a total dose 
of 3x10° roentgen after which it showed a constant decrease, 

@. V, exhibited two general decay slopes with the break occur— 
ing at a dose of 10? roentgen. 

f. Frequency output showed a continual rise with marked peaking 
near the failure of the circuit with a sudden decrease. 

It was noted that in those cases in which the oscillator experienced 
failure, the oscillations could always be regained by increasing the power 
supply. The increase in power supply had the effect of raising the operat- 
ing point of the transistor in the circuit. Indications were that the 
oscillations could be sustained in this manner until the transistor was 
damaged to the extent that its forward current gain would be below that re- 
quired for circuit oscillation. 

The transistor was the only affected component in all cases. No 
changes were observed in the resistors or capacitors. It becomes apparent 
that any shielding to be used with this type of oscillator should be used 
about the transistor only. 

Fig. 6-7 and Fig. 6-8 are failure analysis curves for the TI 904 
transistor, The behavior of the forward current gain, hog | was the most 
significant parameter of the transistor which influenced circuit operation. 
Fig. 6-7 and Fig. 6-8 express the prohability of failure for the derating 
of hp, as a function of gamma dosage. 

Fig. 6-9 through Fig. 6-12 are the failure analysis curves for the 


circuit. They express the probability of failure for the derating of the 
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output voltage, V., as a function of gamma dosage and the probability of 
failure for the derating of the output frequency as a function of gamma 
dosage. 

The failure analysis curves were constructed in the following manner. 
The information, hp,, V,, and f as functions of gamma dosage, from Fig. 6-4, 
Fig. 6-5, and Fig. 6-6 was expressed as normal distribution curves in terms 
of percent change in parameter. This information was plotted directly as 
Fig. 6-7, Fig. 6-9, and Fig. 6-11. The material from these figures was 
replotted as Fig. 6-8, Fig. 6-10, and Fig. 6-12. 

Fig. 6-13 through Fig. 6-16 represent the transistor characteristic 
curves in which I, is plotted as a function of V, for a constant Ih Thr ee 
runs are represented. Runs five and seven trace the growth of I,, as radia-~ 
tion dose increases, This effect is shown by the characteristic upward 
fanning of the curves. In the case of these runs the oscillator was irradia- 
ted until failure. Run four is represented in Fig. 6-15 and Fig. 6-16. 

This circuit was not run until failure, but the fan effect was well develop- 
ed when the circuit was removed from the gamma environment, Fig. 6-15. 

The annealing effect is shovm in Fig. 6-16. It may be seen that that 
family of curves follow an erratic path in their recovery. After 300 hours 
of annealing, the transistor appears to have returned to normal. 

The radiation effects on the output frequency of a transistor R-C 
phase~shift oscillator were predicted by applying the results of radiation 
tests on individual components to the analysis of the linear model of the 
circuit presented in Chapter 4. For the experimental circuit shown in 
Fig. 3-1, mica capacitors and wire wound resistors were used for reasons 
summarized in Chapter 2, As predicted the capacitors and resistors did not 


change values under radiation levels that destroyed the effectiveness of the 
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‘ifure 6-15 
Transistor curve trecer niotorraohs in which vA is nlotted 
acainst ee for a constant ioe These frephs are for run number 4 
and disvlay the transistor characteristics of the TI £04 just 
before and immediately after 23 hours of irradiation in a gamma 
flux of anproxirately ‘Leal D/nhr at an ambient temrversature of 


£24 derrees centi-rade. 
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Figure 6-16 
Transistor curve trecer photographs in which T, is plotted 
arainst uP for a constent I. These graphs are for run number 4 
and display the transistor characteristics of the "I [04 as it 
undergoes annealing after removal from the gamma flux. 
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transistor. The transistor selected (T.I. 904) was known to be relative- 
ly sensitive to radiation. The transistor current gain degraded under 
radiation in a manner that in general was predicted by Keister and Stewart, 
Ref. 8. See Fig. 6-4. Using the results of the analysis, particularly 
Fig. 4-15, a plot of frequency against current gain, hr., was made as 
shown in Fig. 6-17. Adjustment was made to the original value of the 
capacitors because of the capacity of the test leads. The capacitors were 
no longer equal but ranged in values from 0,0080uf to 0.0085uf. For the 
prediction of frequency range all the capacitors were assumed equal at a 
value of 0,00825uf. For comparison, the experimental results of the first 
irradiated circuit is also plotted on Fig. 6-17. The variation of the 
experimental results from the theoretical prediction can be explained by 
one or all of the following reasons: 

1. the capacitors were not equal; 

2. the action of the transistor was non linear; 

3. graphical approximations were made. 
It is noted that the operation and frequency stability of the circuit can 
be increased by selecting a more radiation resistant transistor guided by 
criteria suggested in Chapter 2. It is also noted from Fig. 4-12 that the 
frequency stability of a transistor phase-shift oscillator will be increas- 


ed by designing the circuit to use a high gain transistor. 
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CHAPTER 7 


Conclusions 


The following conclusions may be made from the results of the 


investigation. 


ee 
Ze 


36 


The transistor was the most sensitive component. 


No changes were observed in the resistors or capacitors, 


The critical dosage where most parameters showed a break 


toward a more rapid change was 107 roentgen, 


The Texas Instrument 904 transistor exhibited the following 


characteristics under gamma radiation. 


Be 


be 
Ce 


d. 


bo remained essentially constant at its initial 
value with a slight rise in value as the circuit 
failed. 

hp exhibited the same tendencies as hope 

h;, exhibited a constant rise during irradiation. 
hp, Was essentially constant at its initial value 
until a dose of 3x10° roentgens was obtained and 


then it exhibited a linear decrease, 


The characteristics of the phase-shift oscillator varied 


under radiation in the following manner. 


Be 


Output voltage exhibited two general decay slopes 
with the break being at about 10! roentgens,. 
Frequency exhibited continual rise with marked 


peaking near the end followed by a sudden drop off. 


The above results can be generally predicted by applying 


the results of radiation tests on individual components 


to circuit analysis. 
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RECOMMENDATIONS 


The frequency stability of the transistor RC phase-shift oscillator 
in a radiation environment can be improved in the following manner: 
1. the use of radiation resistant components; 
2. the use of a transistor with high current gain; 
3. the design of a circuit such that it will operate 


effectively with high gain transistor. 
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Appendix I 
Flow Graph Analysis 
A. Definition 
A flow graph is a graphical representation of a system of variables. 
Hach variable is designated by a node. The rule yelating two variables or 
nodes is called the transmittance. A transmittance is a directed line 
between two nodes with a value assigned which denotes the effect of the 
independent variable on the dependent one. an independent variable is 
represented by a departure node and a dependent variable corresponds to 
a target node. 
Be Operations 
1. By definition, there exists the following operations: 
ae liultiplication. 
b 
ee yin 10D < 
x y 
note also the unit transmittance 


o——_>--——0 ae 
x Ni 


b e Addit ion e 


a 
oe Vee (a + b)x 
x J 
or 

a 

y =ax + bz 
Xx - y 
Z 
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2. The following operations can be derived: 


@. wJivision. 


i/g 
oO y= xe 
Xx y 


be Subtraction 


a 
y max - hz 
x y 
—h 
Z 


ce Feedback. 


b a 
o—p— 0 y=— x 
pa a y l-ab 
or 
(o 1 
‘ ry ) you x 
Xx y l-b 


note the loop formed by feedback. 
C. Further definitions 

1. Types of flow graphs. 
ae An open flow graph has at least one departure node and one 
target node. 
b. A closed flow graph is one in which the target node is also 
the departure node. 

2. loop. 
ae A loop is a closed continuous sequence of transmittances in 
the same direction which touch each node only once. 
be The value of a loop is the product of the transmittances 


which form it. 


ie 





3. Topology equation. 
ae At any point in a closed flow graph, the flow leaving the 


point is always identical to the flow entering it. Therefore, 
(a,) 


= (ayn i 


ene 
where L, =The value of each n*h order loop present in a 
given system. 
hence Ly = 1 
L, = The sum of the values of all simple loops. 
L, = The sum of the values of all non-contiguous first 
order loops. 
b. The topology equation provides the characteristic equation 
of closed flow graphs. 


4... Non-Touching rule. 


4 = = (-2)"(L,],, the value of alJ. loops not. 
n=O 


touching j&" path. 
ik — Topology equation. 
tes jth path. 
n = order of the loops. 


b. Useful in evaluating open flow graphs. 
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De Frocedure 
1. Draw schematic diagram of the physical system. 
2 Draw flow graph. 
ae Build from simple flow graphs that are derived from the 
simplest relationships of the variables. 
be Check for compatibility. 
i. Does every variable and parameter appear with correct 
relationships! 
di. Is each node in the flow graph defined? 
3. -wWwaluate the transmittance of the system by using appropriate 


rules. 


fal 
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